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1.  INTRODUCTION 

The  design  of  NOR  (NAN!))  networks  under  fan- in,  fan-out  constraints 
is  important  from  the  practical  point  of  view.   Classical  minimization 
procedures  neglect  the  fan- in  and  fan-out  constraints  which  are  placed 
upon  the  logic  designer.   A  simple  algorithm  which  can  find  minimal  NOR* 
networks  while  taking  into  account  the  fan-in  and  fan-out  constraints  of 
a  NOR  gate  is  the  topic  of  this  thesis. 

Some  of  the  published  papers  in  this  area  that  the  author  is  aware 
of  are  [l],  [2],  and  [h] .      In  [l],  a  computer  oriented  factoring  algorithm 
generates  a  subset  of  common  factors,  selects  optimum  factors  and  indicates 
a  realization  for  the  factored  equation.   Only  single-output,  two-level 
networks  with  fan-in  limited  NOR  gates  are  considered.   In  [2],  fan- in 
limited  NAND  networks  of  intermediate  to  large  size  are  considered. 
Some  factoring  techniques  are  used  to  construct  tree  networks  with  reduced 
gate  count  or  levels  of  logic.   In  [k] ,   a  computer  algorithm  for  the  syn- 
thesis of  multiple -output,  multilevel  NAND  networks  with  fan- in  and  fan- 
out  constraints  is  presented.   Common  factors  with  the  largest  figure-of- 
merit  are  sought  and  the  network  is  transformed,  if  possible,  in  a  manner 
such  that  both  fan- in  and  fan-out  problems  can  be  resolved  simultaneously. 
Sometimes  cascaded  NAND  gates  as  shown  in  Fig.  1  are  used  to  solve  fan-in 
and  fan- out  problems  separately. 

Recently,  the  research  group  led  by  Professor  S.  Muroga  (consisting 
of  Y.  Kambayashi,  J.  Culliney,  H.  Lai,  and  other  students)  of  the 


*   Since  NOR  and  NAND  are  dual  functions,  the  algorithm  can  also  be  used 
for  NAND  logic. 
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Fig.    1     Solution  of  fan- in  and  fan-out  problems  by 
using  cascaded  NMTO  gates. 
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Department  of  Computer  Science  at  the  University  of  Illinois  at  Urbana, 
Illinois,  in  an  attempt  to  compromise  between  obtaining  guaranteed  minimal 
networks  and  expending  excessive  amounts  of  computation  time,  has  devel- 
oped some  NOR  network  transformation  procedures,  called  "transduction" 
(for:  transformation  and  reduction)  procedures.   Starting  with  any  "non- 
optimal"  network  (obtained,  for  example,  by  a  very  simple  synthesis  algo- 
rithm), these  procedures  are  intended  to  obtain  a  "near- optimal"  network. 
Fortunately,  the  transduction  programs  do  not  exhibit  an  exponential  growth 
of  computation  time,  as  the  number  of  gates  involved  in  a  problem  in- 
creases.  Thus,  even  problems  involving  many  gates  can  be  quickly  solved. 

In  this  paper,  the  capability  of  designing  NOR  networks  under  fan- in 
and  fan-out  constraints  is  combined  with  these  transduction  programs.   The 
procedures  for  resolving  fan- in  and  fan-out  problems  include  the  following 
transformations:  (l)  cascaded  NOR  gates;  (2)  the  parallel  duplication  of 
a  gate;  (3)  a  composite  transformation  (resolution  of  both  fan-in  and  fan- 
out  problems  simultaneously);  and  (h)   additional  more  specialized  trans- 
formations . 

This  paper  presents  a  computer  algorithm  (contained  in  the  program 
FIFOTRAN-Gl)  that  will  convert  any  multiple -output,  multilevel  NOR  network 
that  does  not  satisfy  specified  fan- in,  fan-out  constraints  into  a  network 
which  satisfies  the  constraints  by  applying  appropriate  transformations. 

Detailed  explanations  of  the  individual  transformations  are  given  in 
Section  2  while  descriptions  of  the  program's  (FIFOTRAN-Gl' s)  organization 
and  use  are  given  in  Section  3«   Statistical  results  for  60  test  functions 
run  on  an  IBM  360/75  are  given  and  discussed  in  Section  k. 


In  order  to  describe  the  transformations  in  Section  2  some  notation 
and  definitions  must  be  introduced: 

Let  n  be  the  number  of  (independent)  external  variables. 

Let  R  be  the  number  of  (non- isolated)  gates  in  the  network. 

Let  the  set  of  external  variables  be  x1}   x2,  . ..,  x   (and  x1}   x2, 
....   x  when  complements  are  to  be  available). 

Let  the  set  of  gates  in  the  network  be  glf   g2,  ...,   g-,-,. 

Let  FI  be  the  upper  bound  on  the  allowable  fan-in  to  each  gate  of 
the  network. 

Let  FOX  be  the  upper  bound  on  the  allowable  fan-out  from  each  ex- 
ternal variable  (to  other  gates  of  the  network). 

Let  F00  be  the  upper  bound  on  the  allowable  fan-out  from  each  out- 
put gate  of  the  network. 

Let  FO  be  the  upper  bound  on  the  allowable  fan-out  from  each  non- 
output  gate  of  the  network. 

A  gate  g.  is  said  to  be  an  immediate  successor  of  gate  g.  (or  ex- 
ternal  variable  x.)  if  and  only  if  g.  has  g.  (or  x.)  assigned  as  an 

J-  J  X  J- 

input . 

Let  IS(g.)  (or  IS(x.))  be  the  set  of  all  immediate  successors  of 
the  gate  g.  (or  external  variable  x.). 

A  gate  g.  is  said  to  be  an  immediate  predecessor  of  gate  g.  if  and 
only  if  gieis(g.)  . 

Let  IP(g. )  be  the  set  of  all  immediate  predecessors  of  the  gate  g.. 

A  gate  g.  is  said  to  have  a  fan- in  problem  if  and  only  if 
|lP(g.)|  >FI. 


An  external  variable  x.  is  said  to  have  a  fan-out  problem  if  and 
only  if  |lS(x.)|  >  FOX. 

An  output  gate  g.  is  said  to  have  a  fan-out  problem  if  and  only 
if  |lS(g.)|  >  F00. 

A  non-output  gate  g.  is  said  to  have  a  fan-out  problem  if  and  only 

if  |lS(gi)|  >F0. 

The  label  g!  (or  x! )  indicates  gate  g.  (or  x. )  after  the  set  of 
1      1  i      i 

immediate  predecessors  and/or  immediate  successors  of  g.  (or  external 
variable  x. )  has  been  changed  as  the  result  of  the  application  of  a 
particular  transformation. 


2.  EXPLANATION  OF  TRANSFORMATIONS 

Any  NOR  network  that  does  not  satisfy  the  specified  fan-in,  fan-out 
constraints  can  be  changed  by  the  network  designer  into  a  lowcost  network 
which  satisfies  the  constraints  by  using  the  transduction  methods  in  com- 
bination with  certain  appropriate  additional  transformations.   A  set  of 
six  such  transformations  are  proposed  in  this  paper.   Transformations  Tl, 
T2,  and  T3  are  used  to  solve  fan-out  problems.   Transformations  Th   and  T5 
are  used  to  solve  fan- in  problems.   Transformation  T6  is  used  to  solve  the 
composite  problem — resolving  fan-in  and  fan-out  problems  at  the  same  time. 
This  section  explains  the  transformations  and  the  conditions  under  which 
they  are  applied. 

2.1  Transformations  Used  to  Solve  Fan-Out  Problems 

Transformations  Tl,  T2,  and  T3  are  used  to  solve  fan-out  problems. 
CI  and  C2  are  the  sets  of  conditions  which  must  be  satisfied  in  order  that 
Tl  and  T2  may  be  applied,  respectively.   T3  is  applied  if  neither  CI  nor 
C2  is  satisfied   (thus  a  set  of  conditions,  C3,is  not  required  for  T3). 

2.1.1  Transformation  Tl  (Parallel  Duplication) 

This  transformation  (parallel  duplication)  is  used  to  solve  the  fan- 
out  problem  of  any  NOR  gate  which  satisfies  the  condition  set  CI.   Tl  is 
implemented  by  subroutine  TRANA. 

When  parallel  duplication  is  used,  only  one  gate  is  added  to  the  net- 
work while  the  number  of  levels  remains  the  same.   For  example,  if  non-out- 
put gate  g.  in  Fig.  2.1.1.1  (a)  has  a  fan-out  problem  and  condition  set  CI 
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IP(g±) 


IS(g±)  -  D 
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(b) 


Fig.  2.1.1.1  (a)  Gate  g.  with  fan -out  problem 

(b)  Gate  g. 's  fan -out  problem  is  solved  by  applying  Tl. 
After  the  transformation,  the  following  relations 
hold.  If  |lS(g.)|<2  x  FO,  then  |lS(g.)  -  D|  -  FO 
and  |d|  <  FO.  If  |lS(g.  )|  >  2  x  FO,  then  |lS(g. )  -  d| 
>  FO  and  |d|  =  FO.  Here  D  denotes  the  set  of  gates 
fed  by  the  transferred  connections. 
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is  satisfied,  then  transformation  Tl  is  applied  as  follows:  a  gate,  g., 

J 

is  added  to  the  network.  The  immediate  predecessors  of  g.  are  connected 
as  inputs  to  g..  As  many  output  connections  as  necessary. to  correct  g.'s 
fan-out  problem — up  to  a  maximum  number  equal  to  FO — are  transferred  from 
g.  to  g .  (let  the  set  of  gates  fed  by  transferred  connections  be  designated 
D)  (see  Fig.  2.1.1.1  (b)).  Thus,  in  the  case  when  |lS(g.)|  is  originally 
greater  than  two  times  FO,  g.  will  still  have  a  fan-out  problem  (although 
less  than  the  original  problem)  following  the  transformation,  and  further 
transformations  will  have  to  be  employed. 

The  case  for  an  output  gate  g.  can  be  treated  similarly. 

2.1.2  Condition  Set  CI 

The  conditions  for  the  application  of  Tl  are  checked  in  subroutine 
CONDA.   The  transformation  Tl  can  only  be  used  for  gates  and  not  for  exter- 
nal variables.   The  conditions  are  listed  below; 


(1)  |lS(g.)|  >  j  FO  if  g.  is  a  non-output  gate 

^  F00  if  g.  is  an  output  gate 

(2)  The  number  of  immediate  predecessors  of  the  gate  g.,  |IP(g.)|, 
must  be  less  than  or  equal  to  the  upper  bound  on  the  allowable  fan-in  of 
gate  g.  (Fl);  i.e.,  |lP(g.)|  <  FI.   If  this  condition  were  not  satisfied, 

then  the  new  gate  g.  that  would  be  added  to  the  network,  when  Tl  is  applied, 

J 

would  have  a  fan- in  problem. 

(3)  For  every  gate  g  e  IP(g.):  the  number  of  immediate  successors  of 

K.  1 

the  gate  g  ,  |lS(g  )|,  must  be  less  than  FO  (or  F00  for  output  gates).  For 
any  external  variable  x^  e  IP(g. ):  |lS(x^)|  must  be  less  than  FOX. 


2.1.3  Transformation  T2 

Transformation  T2  is  implemented  by  subroutine  TRANE.   T2  is  a  special 
transformation  which  is  used  to  solve  the  fan-out  problem  of  an  external 
variable.   When  T2  is  used,  one  gate  is  added  to  the  network  and  the  number 
of  levels  may  be  increased  by  at  most  one. 

For  example,  if  gate  g.  in  Fig.  2.1.3.1  has  only  one  external  variable, 
x.,  as  an  immediate  predecessor  and  |lS(x.)|  already  exceeds  the  fan-out 
constraint  FOX,  then  the  fan-out  problem  of  x.  can  often  be  solved  as  fol- 
lows: add  a  new  gate,  g  ,  as  an  immediate  successor  to  gate  g.  and  transfer 
as  many  output  connections  (excluding  the  connection  to  g. )  as  necessary 
to  correct  x.'s  fan-out  problem — up  to  a  maximum  number  equal  to  FO — from 

x.  to  the  outputs  of  g,  (let  the  set  of  gates  fed  by  the  transferred  con- 
J  k 

nections  be  designated  D).   Then,  the  function  x.  is  available  at  the  out- 
put  of  gate  g  .   Thus,  in  the  case  when  |lS(x.)|  is  originally  greater 

u 

than  FO  +  FOX,  x.  will  still  have  a  fan-out  problem  (although  less  than 
J 

the  original  problem)  following  the  transformation,  and  further  transfor- 
mations will  have  to  be  employed. 

2.1.1*  Condition  Set  C2 


The  conditions  for  the  application  of  T2  are  checked  in  subroutine 
CONDE.   These  conditions  are  shown  below  for  an  external  variable,  x.,  and 
an  immediate  successor,  g.. 

(1)  |lS(x.)|  >  FOX 

(2)  There  exists  a  gate  g.  whose  only  immediate  predecessor  is  exter- 
nal variable  x.:  IP(g. )  =  {x  . } 

J      l      j 
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Fig.  2olo3»l  (a)  IS(x.)  exceeds  the  fan-out  constraint 

("b)  After  application  of  T2,  x.  has  only |  IS (x.)  -  D| 

i 
immediate  successors.  However,  if  |  IS(x  .)  |<  FO  +  FOX 

originally,  then  |lS(x.)  -  D|  =  FOX  and  |d|  <  FO 

J 

after  the  transformation.  If  IS(x.)  >  FO  +  FOX 
originally,  then  |lS(x.)  -  D|  >  FOX  and  |D|  =  FO 

J 

after  the  transformation. 


1.1 

(3)  For  this  particular  gate  g. , 


T„/   \i   J  FO  if  g.  is  a  non-output  gate 
I  F00  if  e-.  is  an  outnut  grate? 


F00  if  g.  is  an  output  gate 
2.1.5  Transformation  T3 

This  transformation  is  used  to  solve  the  fan-out  problem  of  a  gate  g. 

(or  external  variable  x. )  when  neither  condition  set  CI  nor  condition  set 

1 

C2  is  satisfied.   T3  is  implemented  by  subroutine  TRANCA.   When  T3  is  used, 
at  least  two  gates  are  added  to  the  network  and  the  number  of  levels  may 
be  increased  by  at  most  two. 

There  are  three  general  cases  (each  case  will  be  discussed  for  a  non- 
output  gate,  g.,  but  the  transformations  for  output  gates  and  external 
variables  are  similar): 


(1)  If  gate  g.  has  a  fan-out  problem  and  FO  <  |lS(g.)|  :  (2  X  FO)  -  1, 
then  the  corresponding  transformation  results  in  Fig.  2.1.5.1.   An  output 
from  gate  g.  is  connected  to  a  new  gate,  g..   An  output  from  g.  in  turn 

is  connected  to  another  new  gate,  g  .   As  many  output  connections  as  nec- 
cessary  to  correct  g.'s  fan-out  problem  are  transferred  from  g.  to  g   (let 
the  set  of  gates  fed  by  the  transferred  connections  be  designated  D). 

(2)  If  gate  g.  has  a  fan-out  problem  and  (2  X  FO)  -  1  <  |lS(g.)|  ; 

F0P  +  FO  -  1,  then  the  corresponding  transformation  results  in  Fig.  2. 1.5- 2. 

The  only  difference  between  this  transformation  and  that  shown  in  Fig. 

2.1.5.1  is  that  gate  g  now  fans  out  to  H   newly  added  gates,  g   ,  g   , 

...,  g   where  I   is  the  smallest  integer  such  that  (i  +  l)  X  FO  -  1  > 

|lS(g.)|.   Output  connections  are  transferred  from  g^^  to  gfc  ,  gfc  ,  ..., 

gn   such  that  g.,  g.  ,  g,  ,  ....  g,      each  will  have  a  fan-out  of  FO 
I  x  !    s  I   -  1 
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IS(g1)  -  D 


Fig.  2.1.5.1  Gate  g.  after  application  of  T3  when  FO  <  | IS ( g . ) I  < 

(2  X  FO)  -  1.  After  the  transformation:  |lS(g.)  -  D  +  l| 
=  FO  and  |d|  <  FO. 


3B(g±)  -QD 
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Fig.   2.1.5.2   Gate  g.    after  application  of  T3  when   (2  X  FO)    -  1  < 

|lS(g.)|    <  FO2  +  FO  -  1.  After  the  transformation:    |dx| 


Dj 


FO,    |lS(gp 


D 


£-±l 


=  fo,   Id  J  -  |is(g.)|  -  (1  x  fo)  +  1  < 


'I 


I 


IS(g.)    -\JD   I   +  1  =  FO,    and  I  <  FO. 


s=l 
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while  g.   will  have  a  fan-out  of  |lS(g.)|  -  I   X  FO  +  1  (which  will  be  <  FO). 

Let  the  sets  of  connections  transferred  to  g   ,  ....  g   be  designated  by 

ki       kg 

Di,  •  ••,  D*,  respectively. 

(3)  If  gate  g.  has  a  fan-out  problem  and  |lS(g.)|  >  FO2  +  FO  -  1  then 
the  corresponding  transformation  results  in  Fig.  2.1.5.3-   The  only  dif- 
ference between  this  transformation  and  that  described  in  Fig.  2.1.5.2  is 
that  gate  g.  now  fans  out  to  I   newly  added  gates,  g   ,  g   ,  ...,  g   , 

J  &1    Kp         k^ 

where  &   is  equal  to  FO.   Output  connections  are  transferred  from  g.  to  g   , 

1       Kx 

g  ,  . . . ,  g  ,  such  that  g . ,  g,  ,  g,  ,  .  • . ,  g,   each  will  have  a  fan-out 

kp         &£  J    Ki    K2         K^ 

of  FO  (IDxI  =  | Dp |  =  ...  =  \vA    =  FO).   In  this  case,  g.  will  still  have 
a  fan-out  problem  (although  less  than  the  original  problem)  following  the 
transformation,  and  further  transformations  will  have  to  be  employed. 

2.2  Transformations  Used  to  Solve  Fan- In  Problems 

Transformations  ik   and  T5  are  used  to  solve  fan-in  problems.   Condi- 
tion set  C4  must  be  satisfied  in  order  that  ih   may  be  applied.   If  C^  is 
not  satisfied,  then  transformation  T5  is  used  (thus,  a  set  of  conditions, 
C5, is  not  required  for  T5). 

2.2.1  Transformation  T^ 

Parallel  duplication  can  not  be  used  for  solving  fan- in  problems,  but 
with  the  help  of  existing  gates  it  is  sometimes  possible  to  solve  the  fan- 
in  problem  of  a  gate. 

For  example,  consider  the  two  gates  shown  in  Fig.  2.2.1.1  in  which  gate 
g.  has  a  fan-in  problem  and  there  exists  a  gate  g.  such  that  IP(g . )  c  IP(g.). 
If  condition  set  Ch   is  satisfied,  then  a  new  gate  g  is  added  as  shown  in 
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t 

L  IS^i)  -UDs 
s=l 


Dki 


<  D- 


D, 


Fig.  2.1.5.3  Gate  g.  after  application  of  T3  when  |lS(g.)|  >  F0e  + 

FO  -  1.  After  the  transformation:  |Di|  =  JD^]  =  ...  = 

I 
|dJ,  I  =   FO  and  |lS(g.)  -|Jd  |  +  1  >  F0» 


s=l 
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IP(g,) 

j 


IP(gi)  -  IP(gj) 


Fig.  2.2.1.1  Gate  g.  has  a  fan-in  problem  and  IP(g.)  c  IP(g.)  holds. 


iPCgi) 


IP(g,) 


IP(g.) 

J 


Fig.  2. 2c 1.2  The  fan-in  problem  of  g.  is  solved  by  transformation  ik, 
After  the  transformation:  |lP(g.)  -  IP(g.)|  +  1  <  FI. 
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Fig.  2.2.1.2.   Gate  g  's  output  is  connected  as  an  input  to  gate  g.,  and 

K.  1 

the  output  of  gate  g .  is  connected  as  an  input  to  gate  g  .   Finally,  every 

J  K 

connection  from  an  immediate  predecessor  of  g .  is  removed  from  g.. 

3  i 

When  Tk   is  used,  only  one  gate  is  added  to  the  network  while  the 
increase  in  the  number  of  levels  is  at  most  two.   This  transformation  is 
implemented  in  subroutine  TRANDB. 

2.2.2  Condition  Set  C^ 

The  conditions  for  application  of  Tk   are  checked  in  subroutine  CONDDB. 
These  conditions  are  listed  below: 

(1)  |lP(g.)|  >FI 

(2)  There  exists  a  gate  g.  such  that: 

J 


v  lTn/   \i  .   FO  if  g.  is  a  non-output  gate 
a)  |IS(g.)|  <  4  °j 


F00  if  g .  is  an  output  gate 

J 

(b)  every  immediate  predecessor  of  g .  is  also  an  immediate  pred- 

ecessor  of  g. . 

(3)  |lP(g.)|  -  |lP(g.)|  <  FI 
-1-  J 

2.2.3  Transformation  T^ 

This  transformation  is  used  to  solve  the  fan- in  problem  of  a  gate  g. 
when  Tk   can  not  be  applied.   T5  is  implemented  by  subroutine  TRANBB„   When 
T5  is  used,  at  least  two  gates  are  added  to  the  network  and  the  number  of 
levels  may  be  increased  by  at  most  two. 

There  are  three  general  cases: 

(l)   If  gate  g.    has   a  fan-in  problem  and  FI  <   |lP(g.)|    <   (2  x  Fl)   -  1, 
then  the  corresponding  transformation  results   in  Fig.    2.2.3.1.      An  output 
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D 


IS(g.)  -  D  J_ 


Fig.  2.2.3.1  Gate  g.  after  application  of  T5  when  FI  <  |lP(g.)| 

(2  X  FI)  -  1.  After  the  transformation:  |lS(g.)  -  D  +  l| 
=  FI  and  |d|  <  FI. 
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from  a  new  gate,  g.,  is  first  connected  to  g..   As  many  input  connections 
as  necessary  to  correct  g.'s  fan- in  problem  are  transferred  from  g.  to  a 
new  gate  g  and  then  the  output  of  gate  g  is  connected  to  g .  (in  Fig. 
2.2.3.1  D  designates  the  set  of  gates  whose  output  connections  are  trans- 
ferred). 

(2)  If  gate  g.  has  a  fan-in  problem  and  (2  x  Fl)  -  1  <  |lP(g. )  |  <  Fl2  > 
then  the  corresponding  transformation  results  in  Fig.  2.2.3.2.   This  trans- 
formation and  that  shown  in  Fig.  2.2.3-1  are  similar,  but  in  this  case  gate 

g.  is  fed  by  I   new  gates  g.  ,  g.  ,  ....  g.   where  I   is  the  smallest  integer 
1  3 1   32.  3 £ 

such  that  I  X    (FI  -  l)  +  FI  >  I IP(g. ) | .   For  each  gate  g .   (p  =  1,  2,  . . . , 

1  JP 

$>) ,   the  output  of  another  new  gate,  g   is  connected  to  g .  .   Input  con- 

P  JP 

nections  are  transferred  from  g.  to  g.  ,  g,  ,  . . .  .  g.   such  that  g.,  g,  , 

&i     ki   k2       k»  1'  kx' 

g  ,  . . . ,  g       each  will  have  a  fan- in  of  FI  while  g   will  have  a  fan- 
k2        ^H  -   1  H 

in  of  |lP(g.)|  -  1  X  (FI  -  1)  (which  will  be  <  Fl).   Here  the  set  of  con- 
nections transferred  from  g.  to  g   (s  =  1,  ...,  &)   is  designated  D   (s  -  1, 

s 
. . . ,  &) ,    respectively. 

(3)  If  gate  g.  has  a  fan- in  problem  and  |lP(g. )|  >  FI2,  then  the  cor- 
responding transformation  results  in  Fig.  2. 2. 3. 3-   The  only  difference 
between  this  transformation  and  that  shown  in  Fig.  2.2.3-2  is  that  gate 

g.  will  still  be  left  with  a  fan- in  problem  after  the  transformation.   Out- 
puts from  Hi   new  gates  g.  ,  g.  ,  ...,  g.  ,  where  &  =   FI,  are  connected  to  g.. 

3 1   3b  J  ^  1 

Again,  for  each  gate  g.   (p  =  1,  2,  . . . ,  I),   the  output  of  another  new  gate, 

JP 
g  ,  is  connected  to  g .  .   Input  connections  are  transferred  from  g.  to 

P  °P 

g,  ,   g,  ,  . . . ,  g   such  that  g.  ,  g.,  ,  . . . ,  g..   each  will  have  a  fan- in 

Kl    K2  K-ft  ki    K2  &£ 

of  FI.   In  this  case,  g.  will  still  have  a  fan- in  problem  (although  less 
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iH&±)   -  U  D 


s=l 


Fig.  2.2o302  Gate  g.  after  application  of  T5  when  (2  X  Fl)  -  1  < 
|lP(g.)|  <  FI2.  After  the  transformation:  |Di|  =  |d2| 


D 


^1  =  FI,  \D&\    =    |IP(gi)|  -  J&X  (FI  -  1)  <FI, 


I 


IP(g!)|  =  |lP(g.)  -MD  I  +  Z   =  FI,  and  I  <  FI. 
1  1    ^*%  s 

s=l 
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D- 


D 


i  M6k 


ip(s±)  "UD 


s=l 


Fig.  2.2.3.3  Gate  g.  after  application  of  T5  when  |lP(g.)|  >  FI2. 

After  the  transformation:  |Di|  =  |d2|  =  ...  =  |dJ  =  FI, 

I 

I  =  FI  and   |lP(g.p|    =    |lP(gi)    -    IJDSI   +  £  =    lIp(gi)l    " 
FI2  4-  FI  >  FI.  S=1 
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severe  than  the  original  problem)  following  the  transformation  and  further 
transformations  will  have  to  be  employed. 

2. 3  The  Composite  Problem 

Transformation  T6  is  used  to  solve  both  fan- in  and  fan-out  problems 
at  the  same  time.   Condition  set  C6  must  be  satisfied  in  order  that  T6  may 
be  applied. 

2.3.1  Transformation  T6 

This  transformation  is  applied  when  condition  set  C6  is  satisfied.   T6 
is  implemented  by  subroutine  TRANCC.   When  T6  is  used,  at  least  two  gates 
are  added  to  the  network  while  the  number  of  levels  may  be  increased  by 
at  most  two. 

For  example,  consider  the  original  subnetwork  configuration  in  Fig. 
2.3.1.1  in  which  there  exists  a  set  of  gates  K  =  {  g.  ,  g.  ,  . ...  g.  } 

3-1    12  lk 

and  a  set  of  gates  H  =  {g.  ,  g.  ,    ...,   g.    }  such  that  the  output  of  each 

J 1   J2       J^ 

gate  g.  is  connected  to  each  gate  g..   There  are  two  general  cases: 

(1)  If  the  subnetwork  in  Fig.  2. 3. 1.1  exists  and  satisfies  condition 

set  C6  and  h  <  FO,  then  the  corresponding  transformation  results  in  Fig. 

2.3.1.2.   An  output  from  g.  ,  g.  ,    . ...  g.   is  connected  to  a  new  gate  g  . 

xi   12       i-^.  P 

The  output  of  g  in  turn  is  connected  to  another  new  gate  g  .   Gate  g 
&p  q.       1 

then  is  connected  as  an  input  tog.  ,  g.  ,    ...,  g.  .   The  h  output  connec- 

3 1       J2  Jh 

tions   from  each  of  gates  g.    ,   g.    ,    ..._,   g.      to  gates  g.    ,   g.    ,    ....   g. 

3-1    12  1k  Jl    J  2  Jk 

are  removed. 

(2)  If  the  subnetwork  in  Fig.  2. 3-1.1  exists  and  satisfies  condition 
set  C6  and  FO  <  h  <  FO2,  then  the  corresponding  transformation  results  in 
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Fig.  2.3.1.1  Subnetwork  structure  upon  which  transformation  T6  may 
"be  applied. 
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Fig.  2.3.1.2  Subnetwork  structure  (Fig.  2.3.1.1)  after  the  application 
of  T6  when  h  <  FO.  After  the  transformation:  |lS(g!  )|  = 

|lS(g     )|  +  1  -  h,    |lS(g!    )|    =   |lS(g     )|  +  1  -  h,    ...    , 

|lS(g!    )|    =    |lS(g     )|   +  1  -  h.    |lP(g'.)|    =    |lP(g.)|   +   1  - 
k  k  J  J 

k,    |lP(g'.   )|    =   |lP(g.   )|   +  1  -  k,    ...    ,    |lP(g'    )|    = 

|lP(g       )|    +    1    -    k. 


2k 

Fig.  2.3.1.3.   The  only  difference  between  this  transformation  and  that 

shown  in  Fig.  2.3.1.2  is  that  gate  g  now  fans  out  to  £   newly  added  gates 

g  f   §  >    • • • }   g   where  i   is  the  smallest  integer  such  that  I   X  FO  >  h. 
Q.1   0.2        ^l  ~ 

Output  connections  from  each  of  g  ,   g  ,    . . . ,   g       will  be  fed  to  FO 

qi   q2      ^  _  1 

of  the  g.'s  (i.e.   g    will  feed  g.  ,  g.  ,    ...,   g.      ;    g       will  feed 
J  qi  Ji   J  2       JpQ   q2 

g.      >  g-      t    •••>  g-    j  etc.).   Gate  g   will  fan-out  to  the 

JF0  +  1   JF0  +  2        J2F0  ^ 

h  -  (<#  -  l)  FO  gates:  g.  ,  •••;  g-  •   The  h  output  connections 

3(£   -  1)  FO  +  1        Jh 

from  each  of  gates  g.  ,   g.  ,  . ..,  g.   to  gates  g.  ,   g.  ,  . ..,  g.   are 

1i   12        1lc  J 1   J2        0k 

removed. 

After  Tb  is  applied  at  least  one  of  the  gates  in  Fig.  2. 3. 1.1  has  its 
fan- in  or  fan-out  problem  completely  solved  while  the  fan- in  and  fan-out 
problems  of  the  rest  of  the  gates  may  only  be  partially  solved. 

2.3.2  Condition  Set  06 

The  conditions  for  the  application  of  T6  are  checked  in  subroutine 
CONDCC.   A  subnetwork  of  gates  (or  gates  and  external  variables)  having 
the  generalized  structure  shown  in  Fig.  2. 3. 1.1  is  sought  which  satisfies 
the  following  conditions: 

(1)  There  exists  a  set  of  gates  and/or  external  variables  K  =  {  x.  , 

. ..,   x.  ,  g.      ,    '••)   g-  )  (t  may  be  0  or  t  may  equal  K  in  some  cases) 

Xt    Xt  +   1        \ 
and  a  set  of  gates  H={g.  ,  g.  ,  ....  g.  }  such  that  for  every  g.   £  H, 

IP(g.  )  5?  K  holds ,  for  every  g.   e  K,  IS(g.  )  =•>  H  holds,  and  for  every 

Jr  xs         xs 

x   e  K,  IS(x.  )  5>  H  holds, 
r  r 

(2)  2  <  k  <  PI. 

(3)  2  <  h  <  FO2. 
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J(£-1)F0  +   1 


Fig.  2.3.1.3  Subnetwork  structure   (Fig.   2.3«l«l)   after  the  application 
of  T6  when  FO  <  h  <  FO2.  After  the  transformation: 

|lS(g'    )|    =   |lS(g     )|   +  1  -  h,    |lS(g!    )|    =    |lS(g     )|   + 
11  11  i2  12 

1  -  h,    ...    ,    |lS(g!    )|    =   |lS(g.    )|  +  1  -  h.    |lP(g'    )|    = 

xk  \  Dl 

IP(g,   )|  +  1  -  k,    |lP(g«    )|   =   |lP(g     )|  +  1  -  k,    ...   , 

J2 


Jl 
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|lP(g»     )|     =     |lP(g,     )|    +    1    -    k. 


Jh 
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(h)  The  number  of  gates   in  K  with  fan-out  problems  plus  the  number 
of  gates   in  H  with  fan- in  problems  must  be  at  least   2. 

(5)   At  least  one   fan-in  or  fan-out  problem  must  be  completely  resolved 
by  the  transformation. 
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3.  PROGRAM  ORGANIZATION 

This  program  consists  of  two  major  parts  controlled  by  a  main  program 
(referred  to  as  FIFOTRAN-Gl).   The  first  part  (Part  A)  consists  of  9  sub- 
routines, MAIN,  CONCCO,  ELANDO,  MINI2,  NORNET,  OUTPUT,  PROCII,  RNONES, 
SUBNET,  (written  by  Culliney,  Lai,  and  Kambayashi)  which  read  in  a  given 
function  or  set  of  functions,  synthesize  an  initial  network  to  realize  the 
given  function(s)  using  a  simple  algorithm,  and  attempt  to  minimize  the 
number  of  gates  without  regard  to  fan- in  and  fan-out  constraints.   The  sec- 
ond part  (Part  B),  consisting  of  16  subroutines,  takes  the  "reduced"  net- 
work derived  by  Part  A  and  solves  the  fan- in  and  fan-out  problems  of  all 
gates  that  exceed  the  constraints  specified  by  the  user. 

All  subroutines  were  written  in  FORTRAN  IV,  compiled  by  the  FORTRAN  H 
(opt  2)  compiler,  and  executed  on  the  IBM  360/75J. 

3.1  Flowchart  Description  of  Entire  Program 

The  general  organization  and  linkages  between  the  main  program  and 
the  subroutines  of  Part  A  and  Part  B  are  shown  in  the  flow  diagram  in  Fig. 
3.1.1,  and  the  functions  of  the  various  blocks  are  described  as  follows: 

(1)  The  given  functions  to  be  realized  and  constraints  are  read  in  by 
the  program. 

(2)  The  subroutine  NORNET  (programmed  by  Y.  Kambayashi)  synthesizes 
the  original  network  to  realize  the  given  function  (s).   There  are  many 
other  subroutines  that  can  be  used  to  synthesize  the  original  network  but 
none  of  them  were  used  in  FIFOTRAN-Gl. 

(3)  Subroutine  PROCII  (programmed  by  J.  Culliney)  is  executed  repeatedly 
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c 


START 


} 


JL I 

Read  in  func- 
tion^) and 
constraints. 


2. 


Call  NOREET 

IE 


i  =  0 


i  =  i+1 


Call  PR OCII  repeatedly 
to  reduce  the  network 
cost. 


Did 
^PROCII  improve 
the  cost  of  the  net- 
work? 


k. 


Part  B 


Call  JEFF  to  resolve 
fan-in,  fan-out 
problems . 


Fig.  3.1.1  General  program  flow  diagram. 
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to  reduce  the  cost  of  the  current  network,  without  regard  to  fan- in,  fan- 
out  constraints,  until  no  further  net  savings  (i.e.,  reduction  in  cost) 
can  be  obtained.   The  cost  of  the  network  is  defined  as  follows: 

Cost=  A  X  (no.  of  gates  in  network)  +  B  X  (no.  of  interconnections) 

where  A  and  B  are  positive  integral  weights.   In  this  program,  A  =  100  and 
B  =  1. 

(k)   Subroutine  JEFF  solves  the  fan- in  and  fan-out  problems  of  the 
network,  attempting  to  add  as  few  additional  gates  as  possible  to  the  network. 

(5)  If  the  number  of  iterations  of  the  entire  fan-in,  fan-out  solving 
procedure  is  less  than  MXCALL,  then  the  program  returns  to  (3),    otherwise 

it  continues  to  (6).   MXCALL  is  the  lower  limit  on  the  number  of  iterations 
which  the  program  in  Fig.  3«1-1  is  required  to  execute.   In  other  words,  the' 
program  is  required  to  iterate  MXCALL  times  regardless  of  the  network  cost. 
After  the  procedure  has  iterated  MXCALL  times,  the  program  continues  to 
iterate  until  there  is  no  further  reduction  in  the  cost  of  the  network.   The 
parameter  MXCALL  is  easily  adjusted  by  the  programmer. 

(6)  If  the  cost  of  the  current  network  derived  by  JEFF  is  less  than  the 
cost  of  the  previous  network  derived  by  JEFF,  then  return  to  step  (3)  f 
otherwise  stop. 

3.2  Subroutine  Descriptions  and  Flowchart  for  Part  B  of  the  Program 

The  controlling  subroutine  in  Part  B  is  subroutine  JEFF.   Part  B  con- 
sists of  16  subroutines:   CHGATE,  CONTJA,  CONLCC,  CONDDB,  CONDE,  FDGATE, 
FDSUB,  JEFF,  PSORT,  SSORT,  TRANA,  TRANBB,  TRANCA,  TRANCC,  TRANTJB,  and  TRANE. 
A  brief  description  of  each  of  these  subroutines  is  given  below. 
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CHGATE:   This  subroutine  updates  certain  necessary  parameters  whenever 
subroutine  JEFF  adds  new  gates  to  the  network. 

CONDA,  CONDCC,  CONDDB,  COKDE:   These  subroutines  test  condition  sets  CI, 
C6,  Ck,   and  C2  respectively.   (see  Section  2) 

FDGATE:   This  subroutine  constructs  a  list  of  available  gates,  i.e.,  all 
the  "isolated  gates"  (i.e.,  unused  gates  which  have  been  discon- 
nected from  previously  existing  networks)  which  have  not  been 
used  in  the  network  most  currently  derived  by  PROCII.   This  list 
is  constructed  every  time  block  k   in  Fig.  3«1»1  is  executed.   A 
maximum  of  80  gates  plus  external  variables  is  allowed. 

FDSUB:   This  subroutine  locates  all  gates  with  fan- in  and  fan-out  problems. 
This  subroutine  and  CONDCC  are  used  to  select  the  particular  fan- 
in  or  fan-out  problem  to  be  solved  next. 

JEFF:    This  subroutine  controls  the  general  order  of  execution  of  most 
of  the  other  subroutines.   All  error  messages  and  printing  are 
generated  in  this  subroutine.   A  flowchart  of  JEFF  is  shown  in 
Fig.  3*2.1  and  is  explained  later  in  this  section. 

PSORT:   This  subroutine  sorts  the  immediate  predecessors  of  gate  g.  accord- 
ing to  level  number  and  puts  them  in  descending  order.   For  example, 
the  network  in  Fig.  3«2.2  illustrates  the  numbering  of  levels  with 
the  output  gate(s)  in  level  one.   For  g.  =  g1   in  this  network, 
PSORT  would  construct  a  list  which  looks  like  that  in  Fig.  3.2.3. 

SSORT:   This  subroutine  sorts  the  immediate  successors  of  gate  g.  according 
to  level  number  and  puts  them  in  ascending  order. 

TRANA:    This  subroutine  implements  transformation  Tl  which  is  used  to  solve 
the  fan-out  problem  of  a  specified  gate  by  parallel  duplication  of 
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START 
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Call  FDGATE 


O 


Yes 


■^- 


Call  FDSUB 


Apply  T6 
(Call  TRANCC) 


Select  a  gate 
with  a  fan-in 
or  fan -out 
problem. 


Apply  TU 
(Call  TRAMDB) 


7. 


Apply  T5 
(Call  TRAKBB) 


Apply  Tl 
(Call  TRAM) 


2^ 


Apply  T3 
(Call  TRANCA) 


Apply  T2 
(Call  TRANE) 


Fig.  3.2.1  Flowchart  for  subroutine  JEFF  (Part  B). 
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li 


gl4 


g2 


g3 


glO 


►  level  3  gates 


>  level  2  gates 


>  empty 


Fig.  3» 2. 3  The  immediate  predecessors  of  gi  in  Fig.  3-2.2  are 
sorted  into  descending  order  according  to  level 
number.   This  gate  has  7  immediate  predecessors. 
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the  gate. 
TRANBB:   This  subroutine  implements  transformation  T5  which  is  used  to 

solve  the  fan-in  problem  of  a  specified  gate. 
TRANCA:   This  subroutine  implements  transformation  T3  which  is  used  to 

solve  the  fan-out  problem  of  a  specified  gate. 
TRANCC:   This  subroutine  implements  transformation  T6  which  is  used  to 

solve  the  composite  problem  (i.e.,  it  solves  fan- in  and  fan-out 

problems  simultaneously). 
TRANDB:   This  subroutine  implements  transformation  ik   which  is  used  to 

solve  the  fan- in  problem  of  a  specified  gate. 
TRANE:    This  subroutine  implements  transformation  T2  which  is  used  to 

solve  the  fan- in  problem  of  a  specified  gate. 

The  program  which  controls  Part  B  of  the  program  FIF0TRAN-G1  is  sub- 
routine JEFF.   The  flowchart  for  JEFF  shown  in  Fig.  3.2.1  is  explained  below: 


(1)  The  subroutine  FDGATE  constructs  a  list  of  available  gates  which 
can  be  used  for  subsequent  transformations. 

(2)  The  subroutine  FDSUB  locates  all  gates  with  fan-in  and/or  fan-out 
problems . 

(3)  The  subroutine  CONDCC  searches  for  gate  configurations  of  the  type 
shown  in  Fig.  2. 3. 1.1  and  after  having  found  one  checks  to  see  if  condition 
set  C6  is  satisfied.   If  c6  is  not  satisfied,  then  go  to  (5),  otherwise 
continue  to  (k) . 

(k)   The  subroutine  TRANCC  applies  transformation  T6  to  the  network 
and  the  program  goes  to  (1^). 
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(5)  The  highest  level  gate  with  a  fan-in  or  fan-out  problem  to  be 
resolved  is  selected  next.   If  this  selected  gate  has  a  fan-in  problem, 
then  go  to  (6).   If  the  selected  gate  is  really  an  external  variable,  then 
go  to  (9),  otherwise  go  to  (ll). 

(6)  The  subroutine  CGNDDB  checks  to  see  if  condition  set  Ck   is  satisfied. 
If  yes  then  go  to  (8),  otherwise  continue  to  (7). 

(7)  Subroutine  TRANBB  applies  transformation  T5  to  the  selected  gate 
with  the  fan- in  problem. 

(8)  Subroutine  TRANDB  applies  transformation  T^  to  the  selected  gate 
with  the  fan- in  problem. 

(9)  The  subroutine  CONDE  checks  to  see  if  condition  set  C2  is  satisfied. 
If  yes,  then  go  to  (10),  otherwise  to  to  (13). 

(10)  The  subroutine  TRANE  applies  transformation  T2  to  the  selected  gate 
with  the  fan-out  problem.   Go  to  (1^). 

(11)  The  subroutine  CONDA  checks  to  see  if  the  condition  set  CI  is  sat- 
isfied.  If  yes,  then  go  to  (12),  otherwise  go  to  (13 ). 

(12)  The  subroutine  TRANA  applies  transformation  Tl  to  the  selected  gate 
with  the  fan-out  problem.   Go  to  (l^-). 

(13)  The  subroutine  TRANCA  applies  transformation  T3  to  the  selected  gate 
with  the  fan-out  problem.   Go  to  (1^). 

(14)  If  there  are  any  more  gates  with  a  fan-in  or  fan-out  problem,  then 
go  to  (2),  otherwise  return. 

3.3  Flowchart  Description  of  FDSUB  and  CONDCC 

Subroutine  FDSUB  is  responsible  for  determining  which  gates  have  fan- 
in  and/or  fan-out  problems  and  deciding  in  which  sequence  these  problems 
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will  be  corrected.   Based  upon  this  gate,  a  subnetwork  of  connected  gates 
is  selected  from  the  existing  network,  and  the  number  of  fan- in  and  fan- 
out  problems  among  gates  within  this  subnetwork  are  determined.   This 
subnetwork  is  then  examined  by  subroutine  CONDCC  in  order  to  see  if  it  con- 
tains a  smaller  subnetwork  which  satisfies  condition  set  C6.   If  C6  is  not 
satisfied  by  any  smaller  subnetwork,  then  the  fan- in  or  fan-out  problem  of 
the  selected  gate  will  be  solved  alone  by  one  of  the  transformations  T2, 
T2,  T3,  T4,  or  T5. 

3.3.1  Subroutine  FDSUB 

The  flowchart  for  subroutine  FDSUB  is  shown  in  Fig.  3 • 3. 1.1  and  is 
explained  below: 

(1)  A  list  of  all  the  gates  and  external  variables  with  fan-out  problems 
and  a  list  of  all  the  gates  with  fan- in  problems  is  constructed.   The  search 
for  gates  (or  external  variables)  with  fan-in  and/or  fan-out  problems  pro- 
gresses from  the  highest  level  to  the  lowest  level  (i.e.,  the  output  level) 
of  the  current  network  and  the  gates  are  listed  in  the  order  encountered. 

(2)  If  there  are  no  fan- in  or  fan-out  problems  in  the  given  network, 
then  this  subroutine  returns  control  to  MAIN.   Otherwise,  it  continues  to  (3). 

(3)  The  level  of  the  first  element  in  the  list  of  gates  with  fan-in 
problems  is  compared  with  the  level  of  the  first  element  in  the  list  of  gates 
with  fan-out  problems.   If  the  level  of  the  gate  with  a  fan-out  problem  is 
greater  than  or  equal  to  the  level  of  the  gate  with  a  fan- in  problem,  then 
the  program  goes  to  (5),  otherwise  it  goes  to  (k) .   The  gate  "selected"  in 
this  step  is  designated  g.. 
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Find  the  number  of  gates  in  the  subnetwork 
that  have  fan-in  or  fan-out  problems. 


Fig.  3o3°lol  Flowchart  for  subroutine  FDSUB, 
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(U)  All  the  immediate  predecessors  of  gate  g.  are  found.  All  the 
immediate  successors  of  these  immediate  predecessors  of  g.  are  found. 
These  sets  of  gates  will  be  used  in  (6).   Go  to  (6). 

(5)  All  the  immediate  successors  of  the  gate  g.  are  found.   All  the 
immediate  predecessors  of  these  immediate  successors  of  g.  are  found. 
These  sets  of  gates  will  be  used  in  (6).   Go  to  (6). 

(6)  Using  the  sets  of  immediate  predecessor  and  immediate  successor 
gates  found  in  either  (k)   or  (5),  eliminate  all  IP(g. )  (or  IP(lS(g.))) 
with  only  one  immediate  successor  and  then  eliminate' all  IS(lP(g.))  (or  IS(g.)) 
with  only  one  immediate  predecessor.   From  this  "reduced"  set  of  immediate 
predecessor  and  successor  gates,  is  found  the  number  of  gates  which  have  a 
fan- in  problem  and  the  number  of  gates  which  have  a  fan-out  problem. 

Note:  The  intersection  of  the  set  of  immediate  predecessor  gates  and 
the  set  of  immediate  successor  gates  is  empty  (i.e.,  the  possibility  of 
having  a  gate  that  is  both  an  immediate  predecessor  and  an  immediate  suc- 
cessor has  been  precluded  by  appropriate  programming). 

3.3.2  Subroutine  CONDCC 

This  subroutine  uses  the  initial  subnetwork  derived  in  subroutine 
FDSUB  and  searches  for  the  largest  contained  "K  X  H"  configuration  (See 
Fig.  2.3.1.1)  satisfying  condition  set  C6.   The  flowchart  for  subroutine 
CONDCC  is  shown  in  Fig.  3-3.2.1  and  is  explained  below: 

(l)  A  "K  X  H"  configuration  satisfying  condition  set  C6  is  found  by 
applying  an  algorithm  (that  is  not  given  here)  in  which  criterion  for  select- 
ing this  "K  X  H"  configuration  are  included.   This  is  saved. 
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Fig.  3.3.2.1  Flowchart  for  subroutine  CONDCC. 


(2)  Another  "K  x  H"  configuration  satisfying  condition  set  C6  is  found 
by  applying  the  same  algorithm  referred  to  in  (l). 

(3)  Compare  the  number  of  gates  in  the  "K  X  H"  configuration  found  in 
(2)  with  the  number  of  gates  in  the  saved  "K  X  H"  configuration.   Save  the 
configuration  with  the  largest  number  of  gates.   If  the  configurations 
have  the  same  number  of  gates  then  save  the  configuration  in  which  the  num- 
ber of  "immediate  predecessor"  gates  with  a  fan-out  problem  plus  the  number 
of  "immediate  successor"  gates  with  a  fan- in  problem  is  greater.   If  both 
configurations  also  have  the  same  number  of  gates  with  fan- in  and  fan-out 
problems,  then  keep  the  configuration  that  is  already  "saved".   If  there 
still  exists  a  "K  X  H"  configuration  which  could  have  a  "solution"  that  is 
better  than  the  "saved"  solution,  then  go  to  (2),  otherwise  go  to  (k) . 

(h)   The  saved  "K  X  H"  configuration  is  checked  to  see  if  at  least 
one  fan- in  or  fan-out  problem  will  be  solved  after  application  of  T6.   If 
so,  then  this  "K  x  H"  configuration  satisfies  condition  set  C6.   Return 
control  to  JEFF. 

3-h   How  to  Use  the  Program 

3.^-.l  General  Description 

Given  the  program  source  deck  and  data  deck  which  will  be  described  in 
Section  3.^-3,  this  program  reads  in  a  Boolean  function  or  set  of  functions, 
finds  an  initial  network,  reduces  the  network,  and  then  solves  all  the  fan- 
in  and  fan-out  problems  that  exist  in  the  reduced  network  by  using  the  trans- 
formations described  in  Section  2  according  to  the  algorithm  described  in 
Section  3.1. 


1+1 

3.1+.2  Limitations 

(1)  Networks  generated  employ  all  NOR  gates  (NAND-gate  networks  can 
easily  be  obtained  by  considering  the  dual  of  the  desired  function  to  be 
implemented). 

(2)  Maximum  number  of  gates  plus  external  variables  is  80. 

(3)  Maximum  number  of  external  variables  is  5« 

(h)    "Don't  cares"  are  currently  not  allowed  in  the  Boolean  functions 
read  in  by  the  program. 

(5)  Both  complemented  and  uncomplemented  variables  are  allowed. 

(6)  Currently,  no  restrictions  on  the  number  of  levels  are  permitted. 

(7)  Maximum  number  of  output  functions  is  80  minus  the  number  of  exter- 
nal variables  specified. 

3.^-.3  Source  and  Data  Deck 

A  typical  program  deck  is  shown  in  Fig.  3«^«3.1.   This  program  deck 
consists  of  several  JCL  cards,  a  source  deck,  and  a  data  deck.   The  source 
deck  includes  the  main  program,  Part  A  subroutines,  and  Part  B  subroutines. 
The  data  deck  is  shown  in  Fig.  3«^«3«2  in  more  detail  and  consists  of  one 
or  more  consecutive  sets  of  cards — one  set  for  each  network  to  be  synthe- 
sized.  The  set  of  cards  for  each  network  is  organized  as  follows: 

(1)  Card  #1  is  the  heading  card.   Any  labeling  or  descriptive  informa- 
tion may  be  given  and  will  be  reproduced  in  the  print  out.   For  example, 

"****   5  VAR,  EXAMPLE  28" 

(2)  Card  #2  specifies  8  parameters  as  follows: 


k2 
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Fig.  3.U.3.2  Sample  Data  Deck 
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(a)  Columns  1-k:  The  number  of  external  variables. 

(b)  Columns  5-8:    The  number  of  output  functions  to  be  realized 
by  the  network. 

(c)  Columns  9-12:   The  weight  A  assigned  gates  in  the  network 
cost  function. 

(d)  Columns  13-16:   The  weight  B  assigned  connections  in  the  network 
cost  function. 

(e)  Columns  17-20:   Any  symbol  punched  here  causes  the  complements 
of  the  external  variables  to  be  available  during  the  design 
and  transformation  procedures. 


The  fan-in  constraint  for  all  gates  (Fl). 

The  fan-out  constraint  for  non-output  gates  (F0). 

The  fan-out  constraint  for  external  variables 


(f)  Columns  21-24 

(g)  Columns  25-28 
(h)  Columns  37-^0 

(FOX), 
(i)  Columns  kl-kk:      The  fan-out  constraint  for  output  gates  (F00). 
(3)  Card  #  3  contains  the  function  to  be  realized,  beginning  in  column 
1.   (See  Section  h   on  how  functions  are  expressed  hexadecimally) 
(h)   Cards  #h,   #5,  and  #6  are  blank  cards. 

Groups  (3)  and  (k)   must  be  repeated  for  each  desired  output  function 
of  a  multiple- output  network. 


k.    STATISTICS  AND  RESULTS 

Thirty  ^--variable  test  functions  (Group  I)  and  thirty  5-variable  test 
functions  (Group  II )  were  selected  randomly.  Each  function  in  Group  I  was 
fed  to  the  program  under  six  different  sets  of  constraints: 


(1)  FI=F0=F0X=F00=2 

(2)  FI=F0=F0X=F00=3 

(3)  FI=10;  F0=F0X=F00=2 
(k)   FI=2;  F0=F0X=F00=10 

(5)  FI=10;  F0=F0X=F00=3 

(6)  FI=3;  FO=FOX=FOO=10 


Similarly,  each  function  in  Group  II  was  fed  to  the  program  under  the  fol- 
lowing different  sets  of  constraints: 

(1)  FI=F0=F0X=F00=3 

(2)  FI=FO=FOX=FOO=^ 

(3)  FI=10;  F0=F0X=F00=3 
(k)   FI=3;  F0=F0X=F00=10 

In  addition  to  the  functions  in  Group  I  and  Group  II  a  special  problem 
taken  from  [h]   was  also  tested  by  the  program. 

Su  and  Nam's  two-level  NAND  network  which  realizes  the  h   functions 
given  in  Table  I  of  their  paper  [k]    is  duplicated  here  in  Fig.  U.l.l.   The 
network  realization  which  they  achieved  by  the  use  of  their  fan- in,  fan-out 
problem  resolving  algorithm  is  shown  in  Fig.  U.1.2. 

The  following  alterations  were  made  in  order  that  the  current  program 
FIF0TRAN-G1  could  be  used  to  solve  the  same  problem: 

(l)  Since  the  current  version  of  FIFOTRAN-Gl  is  unable  to  handle  incom- 
pletely specified  functions,  several  possible  combinations  of  l's  and  O's 
were  substituted  for  the  "don't  cares"  of  Table  I  of  [k] — 8  different  sets 
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of  completely  specified  functions  resulted. 

(2)  Since  FIF0TRAN-G1  employs  NOR  gates  rather  than  NAND  gates,  net- 
works were  synthesized  for  the  duals  of  these  8  sets  of  functions.   (See 
Table  4.1.1) 

Each  of  the  8  different  sets  of  functions  in  Table  4.1.1  was  fed  to 
the  program  under  the  same  constraints,  FI=F0=F0X=F00=2,  used  in  [4]. 

All  test  functions  are  represented  here  in  truth  table  form  using  a 
hexadecimal  notation.   For  example,  Fig.  4.1.3  shows  the  output  values  of 
a  certain  4- variable  function  f,  corresponding  to  every  possible  combina- 
tion of  input  values  (x1}   x2,  x3,  x4).   Note  that  the  input  combinations 
considered  as  binary  numbers  (i.e.,  23  X  x;l  +  22  X  x2  +  21  X  x3  +  x4)  start 
with  zero  and  ascend  to  16  in  counting  order,  i.e.,  0000,  0001,  0010,  ..., 
1111.   The  first  four  output  values  (f )  that  correspond  to  the  first  four 
combinations  of  input  values  are  used  to  form  the  first  hexadecimal  digit 
of  the  hexadecimal  representation  of  the  function  f  as  shown  in  Fig.  4. 1.3* 
Continuing  in  this  manner  the  resultant  hexadecimal  representation  is  found 
to  be  4AF.1.   (See  Fig.  4.1.3) 

Table  4.1.2  contains  the  hexadecimal  representations  of  the  test  func- 
tions in  Group  I  while  Table  4.1.3  contains  the  hexadecimal  representations 
of  the  functions  in  Group  II. 

This  section  describes  the  statistics  obtained  and  discusses  the 
results. 

4.1  Statistical  Analysis 

Table  4.1.4  is  a  table  of  the  statistics  compiled  for  the  test  functions 
in  Group  I  with  FI=F0=F0X=F00=2.   The  table  consists  of  12  columns  and 
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Table  l|-.l.l  Eight  dual  functions  for  NOR  network  synthesis 

corresponding  to  Su  and  Nam's  NAND  network  synthesis. 
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Table  4.1.2  Hexadecimal  repre-     Table  4.1.3  Hexadecimal  representation 
sentation  of  the  test  of  the  test  functions  in 

functions  in  Group  I.  Group  II. 
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30  rows — one  row  for  each  test  function.   Since  there  are  totally  10  sets 
of  constraints  placed  on  the  network  synthesis  problems  for  functions  in 
Group  I  and  Group  II,  there  are  10  tables  like  Table  4.1.4  in  the  Appendix. 
The  description  of  each  column  of  Table  4.1.4  is  as  follows: 

Column  1:  The  number  of  the  test  function  being  used  is  given  here 
(see  Tables  4.1.2  and  4.1.3  to  obtain  the  corresponding  hexadecimal  repre- 
sentation). 

Column  2:  A  number  s  in  this  column  indicates  that  FIF0TRAN-G1  made 
s  iterations  of  the  program  loop  starting  at  block  2  in  Fig.  3«1«1-   During 
each  iteration,  FIFOTRAN-Gl  takes  either  the  initial  network  derived  by 
NORNET  (if  the  iteration  is  the  first)  or  the  network  derived  by  JEFF  on 
the  previous  iteration  (otherwise);  reduces,  without  regard  to  fan-in  or 
fan-out  restrictions,  the  number  of  gates  and  connections  as  far  as  possible 
by  PROCII;  and,  finally,  uses  JEFF  to  transform  the  resultant  network  into 
one  which  satisfies  the  fan-in,  fan-out  constraints.   The  algorithm  stops 
looping  (i.e.,  terminates)  when  the  costs  of  two  networks  derived  by  JEFF 
on  consecutive  iterations  fail  to  show  any  improvement  (i.e.,  when  the  cost 
of  the  former  is  less  than  or  equal  to  the  cost  of  the  latter  network). 
For  example,  consider  function  number  5  which  had  3  iterations.   The  cost 
of  the  network  derived  by  PROCII  and  JEFF  after  each  iteration  is  given  in 
Table  4.1.5.   In  the  first  iteration,  PROCII  reduced  the  network  derived 
by  NORNET  and  the  resultant  network  cost  was  820.   JEFF  resolved  the  fan- 
in,  fan-out  problems  of  the  reduced  network  derived  by  PROCII  and  the 
resultant  expanded  network  cost  was  2233.   In  the  second  iteration,  PROCII 
reduced  the  previous  network  derived  by  JEFF  and  the  resultant  network 
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Table  l+.l.l*  Statistics  for  the  test  functions  in  Group  I  for  the 
case  when  FI=F0=FO0=F0X=2  ,  These  statistics  were 
executed  on  IBM  36O/75J  with  FORTRAN  H  (opt  2)  compiler. 
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Table  k.1.5   Network  costs  derived  by  PR0CII  and  JEFF  after  each 
iteration  for  function  number  5  of  Table  k.l.k. 
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cost  was  920.   JEFF  resolved  the  fan-in,  fan-out  problems  of  this  network 

and  the  resultant  network  cost  was  2131.   In  the  third  iteration,  PROCII 

derived  a  network  (from  the  previous  network  derived  by  JEFF)  whose  cost 

was  920.   JEFF  resolved  the  fan-in,  fan-out  problems  of  this  network  and 

the  resultant  cost  was  2131.   Since  the  cost  of  the  networks  derived  by 
JEFF  on  consecutive  iterations  were  equal,  the  algorithm  stops  looping. 

Since  the  last  iteration  in  the  algorithm  only  causes  the  termination  of 
the  algorithm  and  is  not  a  part  of  the  sequence  leading  to  the  fan-in,  fan- 
out  restricted  network  of  least  cost,  it  is  excluded  from  consideration  in 
obtaining  most  of  the  statistical  results  in  the  table. 

Column  3:  The  average  execution  time  per  iteration  in  subroutine  JEFF 
is  given  in  centiseconds  for  each  function.   It  is  found  by  dividing  the 
sum  of  the  execution  times  of  JEFF  per  iteration  (excluding  the  last  step) 
required  for  that  function: 


*j- 


L=l 

1 
1=. 


/  (s-1) 


where  tT  denotes  the  average  execution  time  per  iteration  in  JEFF  and  tT 

i 
denotes  the  execution  time  in  centiseconds  for  JEFF  in  the  ith  iteration. 

Column  k:    The  average  execution  time  (t.)  per  iteration  for  each 

function  is  given  in  centiseconds.   Let  t^  and  tT  denote  the  execution 

1        1 
times  in  centiseconds  for  PROCII  and  JEFF,  respectively,  in  the  ith  iteration. 

Thus  for  a  function  requiring  totally  s  iterations,  the  average  execution 

time  per  iteration  is  defined  as: 
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*A- 


"s-1 


1      1 


/  (s-1) 


Column  5:  The  total  execution  time  for  each  function  (t  )  is  given 
in  centiseconds: 


*T=  )   (tP.  +  tJ.) 


Column  6:  For  each  function,  the  average  number  of  fan-in  problems 
per  iteration  is  given.   In  each  iteration,  JEFF  can  be  thought  of  as  resolv- 
ing the  fan-in  and  fan-out  problems  of  a  "new  network"  (derived  by  PROCIl), 
and  each  "new  network"  has  a  certain  number  of  gates  with  fan- in  problems. 
Summing  these  numbers,  for  all  except  the  last  iteration,  and  dividing  by 
the  number  of  iterations  minus  one  gives  what  is  defined  as  the  average 
number  of  fan-in  problems  per  iteration. 

Column  7:  The  average  number  of  fan-out  problems  per  iteration  is 
given  for  each  function.   It  is  the  sum  of  the  number  of  fan-out  problems 
per  iteration,  for  all  except  the  last  iteration,  divided  by  the  number  of 
iterations  minus  one. 

Column  8:  The  cost  of  the  first  network  derived  by  PROCII  is  given. 
(See  Section  3.1) 

Column  9:  The  cost  of  the  final  network  derived  in  the  second  to  the 
last  iteration  by  JEFF  is  given.  (See  Section  3.1) 
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Column  10:  The  difference  between  the  final  network  cost  and  the 
original  network  cost  is  given  for  each  function — Column  9  minus  Column 
8. 

Column  11:  For  each  function  the  average  increase  in  network  cost  per 
iteration  is  expressed  as  a  percentage.   For  the  ith  iteration  (i  =  1,  2, 
...,    s),  let  C„  and  C   be  the  costs  of  the  network  derived  by  PROCII  and 

1  1 

JEFF,  respectively.   Then  the  average  percent  increase  in  cost  per  iteration 
expressed  in  this  column  is  defined  as: 
/ 


;-l 


1=1 


(0j.  -  cp. 

i     i 


)/ 


X  100 


/(s-1) 


Column  12:  The  percentage  increase  between  the  original  and  final 
network  costs  is  given  for  each  function  and  is  equal  to: 


s-1     x 


X  100 


4.2.  Summary  of  Results 


Table  4.2.1  shows  the  "final  averages  of  the  averages"  for  the  test 
functions  in  Group  I  and  Group  II.  Each  of  the  column  entries  in  rows  1-10 
of  Table  4.2.1  is  an  average  computed  from  Table  4.1.1.   Each  of  the  columns 
in  Table  4.2.1  is  averaged  and  the  resultant  "final  averages  of  the  averages" 
is  given  in  row  11  of  Table  4.2.1.   The  expression  "average  average"  fol- 
lowed by  some  quantity  indicates  that  an  average  was  taken  over  a  set  of 
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Mio,3) 
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M3,io) 
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1.2 
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22.9 

5(3,3) 

2.9 

92.2 

788.1 

1855.8 

5.6 

4.1 
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94.2 

5(M) 

2.3 

to.  3 

814.8 

1190.8 

1.6 

2.0 

37.1 

35.0 

5(10,3) 

2.  4 

35-2 

766.5 

1287.6 

0.0 

4.2 

44.4 

to.o 

5(3,10) 

2.5 

34.4 

741.0 

1295.9 

5-7 

0.0 

79-9 

71.9 

Ave. 


2.4   31.6   379-0   702.3   2.3   1-7    62.9    58.4 


Table  4.2.1  Summary  table  containing  all  the  averages  of  the  10 

tables  in  the  Appendix.   The  expression  in  column  one 
indicates  (column  1,  row  1  for  example)  that  the 
4-variable  test  functions  in  Group  I  are  tested  by 
the  program  under  the  constraints  FI=2  and  F0=F00= 
F0X=2.   The  general  expression  is  a(b,c)  where  a, 
b,  and  c  are  positive  integers  and  a  represents  the 
number  of  variables  in  the  test  function,  b  represents 
the  fan- in  constraint,  and  c  represents  the  fan-out 
constraint  for  all  gates  and  external  variables. 
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quantities  that  were  averages.   For  example,  the  heading  for  column  3  of 
Table  4.2.1  is  "Average  Average  Time  In  JEFF  Per  Iteration".   This  means 
that  the  entries  in  column  3  are  averages  of  the  average  time  in  JEFF  per 
iteration.  Each  of  the  tables  in  the  Appendix  has  a  row  of  averages  (i.e., 
row  31) •   These  rows  (l  from  each  of  the  10  tables  in  the  Appendix)  are 
simply  gathered  here  in  one  table. 

Table  4.2.2  indicates  the  number  of  times  a  particular  transformation 
was  used  during  a  complete  run  of  the  test  functions  in  Group  I  and  Group  II 
for  a  given  set  of  constraints  and  the  total  number  of  all  transformations 
used.   For  example,  when  the  functions  in  Group  I  were  run  with  the  con- 
straints FI=F0=F0X=F00=2,  Tl  was  used  3  times  (Col.  l)  while  the  total 
number  of  all  transformations  used  was  279. 

The  entries  in  Table  4.2.3  indicate  the  percentage  of  the  number  of 
times  a  transformation  was  used  during  a  complete  test  run.   In  other  words, 
if  a. .  represents  the  ith  row  and  jth  column  entry  of  Table  4.2.2,  the 
ith  row  and  jth  column  entry  of  Table  4.2.3  (b.  .)  is: 
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where  i  =1,  2,  . . . ,  10  and  j  =1,  2,  . . . , 
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15^ 

h9 

279 

M3,3) 

1 

6 

8 

1 

3^ 

16 

66 

Ml0,2) 

1 

19 

68 

0 

0 

20 

108 

M2,io) 

0 

0 

0 

9 

127 

29 

165 

Mio,3) 

1 

11 

11 

0 

0 

7 

30 

^(3,10) 

0 

1 

0 

h 

32 

5 

1+2 

5(3,3) 
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^3 

77 

6 

135 

135 

397 

5(M) 

0 

11 

10 

2 

hk 

3^ 

101 

5(10,3) 

0 

^5 

55 

0 

0 

61 

161 

5(3AO) 

0 

0 

0 

21 

110 

78 

209 

Table  h-,2.2  This  table  gives  the  number  of  times 
each  transformation  (T1-T6)  was  used 
during  a  test  run. 
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4(2,2)  1.1  3.k  20.8  0.0  55.2  17.6 

4(3,3)  1.5  9-1  12.1  1.5  51.5  24.2 

4(10,2)  0.9  17.6  63.0  0.0  0.0  18.5 

4(2,10)  0.0  0.0  0.0  5.4  77.O  I7.6 

4(10,3)  3.3  36.7  36.7  0.0  0.0  23.3 

4(3,1°)  0.0  2.4  0.0  9.5  76.2  11.9 

5(3,3)  0.2  10.8  19.4  1.5  34.0  34.0 

5(4,4)  0.0  10.9  9.9  2.0  43.6  33-7 

5(10,3)  0.0  28.0  34.2  0.0  0.0  37.9 

5(3,10)  0.0  0.0  0.0  10.0  52.6  37.3 

Average  0.7  12.1  19.6  3.0  39-0  25.6 


Table  4.2.3  The  percentage  of  the  number  of  times 
a  transformation  was  used  during  a 
complete  test  run. 
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4.3  Su  and  Nam's  Problem 

As  discussed  in  the  introduction  to  Section  4,  Su  and  Nam's  problem 
(i.e.,  the  NAND  network  synthesis  of  the  set  of  4  incompletely  specified 
functions  in  Table  I  of  [4]  for  the  case  when  FI=2  and  F0=F00=F0X=2)  was 
converted  so  that  it  could  be  treated  as  a  NOR  network  synthesis  problem. 
Since  this  program  currently  can  not  handle  incompletely  specified  functions, 
it  was  necessary  to  completely  specify  all  functions  before  FIF0TRAN-G1 
could  be  used.   Eight  different  sets  of  completely  specified  functions 
(See  Fig.  4.1.1)  were  tested,  although  other  completions  were  also  possible. 
Networks  for  each  of  the  8  sets  of  completely  specified  functions  were 
synthesized  and  all  fan-in  and  fan-out  problems  were  resolved. 

The  best  result  (i.e.,  the  result  which  realizes  the  duals  of  the  4 
functions  of  Table  I  of  [4]  with  the  fewest  number  of  gates  and  also  satis- 
fies all  fan-in  and  fan-out  constraints)  is  shown  in  Fig.  4.3.1-   This 
result  which  is  converted  into  NAND  gate  form  in  Fig.  4.3« 1  has  19  gates 
and  33  connections.   This  shows  a  2h°J0   improvement  over  the  result  obtained 
by  Su  and  Nam  in  Fig.  4.1.2:  a  25  gate,  33  connection  network.   Since  the 
external  variable  x3  has  only  one  immediate  successor  (i.e.,  |lP(x3)|  =  l) 
it  is  possible  to  replace  gate  ggby  x3,  thus,  an  18  gate,  32  connection 
network  is  possible.   It  should  be  noted  that  Su  and  Nam's  network  has  6 
levels  while  the  network  in  Fig.  4.3.1  has  10  levels.   Also,  Su  and  Nam's 
output  gates  are  all  in  level  1  while  the  output  gates  in  Fig.  4.3.1  are 
allowed  to  feed  other  gates  in  the  network  and  thus  not  every  output  gate 
is  in  level  1. 
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5.  CONCLUSIONS 

A  computer  program  (FIFOTRAN-Gl)  was  presented  that  will  synthesize 
an  initial  network  to  realize  a  given  function  or  set  of  functions  using 
a  simple  algorithm,  attempt  to  minimize  the  number  of  gates  without  regard 
to  fan-in  and  fan-out  constraints,  and  then  take  the  "reduced"  network  and 
solve  the  fan-in  and  fan-out  problems  of  all  gates  that  exceed  the  con- 
straints specified  by  the  user.   FIFOTRAN-Gl' s  statistics  and  results  for 
60  test  functions  (30  k- variable  functions  and  30  5-variable  functions) 
run  on  an  IBM  360/75J  (all  of  FIFOTRAN-Gl' s  subroutines  were  written  in 
FORTRAN  IV  and  compiled  by  the  FORTRAN  H  (opt  2)  compiler)  under  a  variety 
of  fan- in,  fan-out  constraints  were  given.   In  general,  the  number  of  gates 
in  a  network  that  realizes  a  particular  function  (without  regard  to  fan-in, 
fan-out  constraints)  increased  approximately  58.^$  after  using  the  fan-in, 
fan-out  resolving  procedure.   (See  row  11,  column  9  of   Table  U.2.1)  The 
greatest  average  percentage  increase  (for  a  group  of  functions)  in  the 
number  of  gates  in  a  network,  125.5$.  occurred  when  the  ^--variable  test 
functions  in  Group  I  were  tested  under  the  constraints  FI=2  and  F0=F00= 
F0X=2.   (See  row  1,  column  9  of  Table  U.2.1)  The  smallest  average  percent- 
age increase  (for  a  group  of  functions)  in  the  number  of  gates  in  a  network, 
10.3$,  occurred  when  the  ^--variable  test  functions  in  Group  I  were  tested 
under  the  constraints  FI=10  and  F0=F00=F0X=3.   (See  row  5,  column  9  of 
Table  4.2.1) 

Comparing  results  for  the  k- variable  functions  with  those  for  the 
5-variable  functions  under  the  same  constraints,  it  can  be  seen  from 
Table  4.2.1  (column  9)  that  in  general,  the  percentage  increase  in  cost 
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between  the  original  network  and  the  final  network  for  the  5-variable 
functions  was  about  3  to  4  times  greater  than  that  for  the  ^- variable 
functions. 

Computation  times  were  given  for  all  the  test  runs.   The  average  total 
time  (for  30  randomly  selected  test  functions)  needed  to  obtain  the  final 
fan- in,  fan-out  constrained  network  from  the  initial  "reduced"  network 
derived  by  PROCII  was  7-02  seconds.   The  longest  average  total  time  (See 
row  7>  column  5  of  Table  4.2.1)  18.55  seconds,  occurred  when  the  5-variable 
functions  were  tested  under  the  fan-in,  fan-out  constraints  FI=3  and  F0= 
F00=F0X=3.   The  shortest  average  total  time  (See  row  5 ,    column  5  of  Table 
4.2.1),  1.3^  seconds,  occurred  when  the  4-variable  functions  were  tested 
under  the  fan- in,  fan-out  constraints  FI=10  and  F0=F00=F0X=3. 

Each  average  total  time  (See  column  5  of  Table  4.2.1)  is  generally 
related  to  the  average  of  the  average  number  of  fan- in  and  fan-out  problems 
per  iteration  that  exist  in  the  network  (i.e.,  column  6  plus  column  7)« 
For  example,  for  the  two  cases  just  mentioned  (i.e.,  the  longest  and  short- 
est average  total  times)  the  shortest  total  time  corresponds  to  the  "reduced" 
networks  derived  by  PROCII  which  have  the  least  average  of  the  average 
total  number  of  fan-in  and  fan-out  problems  (.7)  while  the  longest  average 
total  time  corresponds  to  those  which  have  the  greatest  average  of  the 
average  total  number  of  fan-in  and  fan-out  problems  (9«T)«   Comparing  results 
for  the  4-variable  functions  with  those  for  the  5-variable  functions  under 
the  same  constraints,  it  can  be  seen  from  column  5  of  Table  4.2.1  that 
in  general,  the  average  total  time  for  5-variable  functions  was  about  8  to 
9  times  greater  than  that  for  4- variable  functions. 
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From  Table  4.2.3  it  can  be  seen  that  transformation  T5  was  used  in  a 
greater  percentage  of  cases  (39°/0  than  any  other  transformation.   Since 
Tl  and  ih   (the  special  transformations,  i.e.,  parallel  duplication  of  a 
gate  and  the  transformation  requiring  the  existence  of  a  gate  whose  imme- 
diate predecessors  are  a  subset  of  the  immediate  predecessors  of  a  gate 
with  a  fan- in  problem)  were  used  in  only  .7%  and  3-0%   of  the  total  number 
of  transformations  used,  respectively,  it  can  be  concluded  that  these 
two  transformations  are  not  very  useful  as  fan-in,  fan-out  resolving  trans- 
formations.  These  transformations  were  not  used  very  often  since  the 
special  conditions  which  must  first  be  satisfied  were  not  often  satisfied. 
Either  these  conditions  must  be  relaxed  or  situations  in  which  these  con- 
ditions are  frequently  satisfied  must  be  discovered.   However,  transforma- 
tion T2  which  solves  the  fan-out  problem  of  an  external  variable  only  was 
quite  useful  (representing  12%  of  the  total  number  of  transformations  used). 

Su  and  Nam's  problem  (the  problem  corresponding  to  Table  I  of  [k-]) 
was  tested  by  FIF0TRAN-G1  and  a  network  (See  fig.  4.3.1)  of  19  gates  and 
33  connections  was  obtained.  FIF0TRAN-G1  includes  every  type  of  trans- 
formation that  Su  and  Nam's  algorithm  employs,  and  it  is  felt  that  the 
fan- in,  fan-out  resolving  transformations  are  possibly  more  efficient 
(i.e.,  add  fewer  gates  to  the  network).   In  addition,  FIF0TRAN-G1  has  3 
special  transformations,  of  which  only  one  proved  to  be  useful.   However, 
Su  and  Nam  can  synthesize  larger  networks;  the  current  implementation  of 
FIFOTRAN-Gl  can  not  handle  functions  of  more  than  5-variables  because  the 
transduction  procedures  can  not  handle  more  than  5-variables.   The  trans- 
duction programs  can  be  easily  extended  such  that  more  variables  may  be 
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used.   This  extension  is  currently  underway.   Thus  only  one  of  Su  and  Nam's 
examples  was  tested  by  FIF0TRAN-G1. 
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APPENDIX 

STATISTICS  FOR  ALL  TEST  FUNCTIONS  IN  GROUP  I  AND  GROUP  II 

In  this  appendix,  tables  of  statistics  like  that  shown  in  Table  k.l.k 

are  given  for  the  test  functions  in  Group  I  and  Group  II  when  run  under  the 

10  sets  of  constraints  given  in  section  k.      There  are  10  tables — one  for 
each  set  of  constraints. 
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Table  1  Statistics  for  the  test  functions  in  Group  I  for  the 
case  when  FI=F0=F00=F0X=2. 


CD 
CD 

c 

a 

0 

P      IH 

0 

0 

0 

CD    0 

■H 

•H 

•H 

£>  £ 

ti 

sl 

EH    P 

b  a? 

p 

p 

c  c 

p 

P    0) 

c 

r-y. 

Fh 

0  u 

w 

w 

•H     O 

w    C 

rT 

<D 

1      0) 

1     CD 

0 

0 

•H 

0 

o 

HH 

-p 

£j   P 

s  p 

0 

0 

CD 

<v  p 

0  H 

•H 

^D          ^ — 

•H  ^ 

, — * 

<^   -H 

<;  -h 

0 

w    o3 

03 

+3 

C   w 

W 

w 

fe 

fr 

X 

M 

c 

03     !h 

C    C 

• 

o3 

C     O    rO 

fn  -n 

T3 

^ 

^ 

u 

U 

CD 

0)    0) 

•H   -H 

o 

Sh 

•H  -h  a 

a)  C 

a 

<+H     <L) 

<Vh    CD 

0 

O 

U 

Sh   P 

«H 

d 

0) 

P     O 

ft  0 

CD    0 

O     ft 

O    ft 

> 

J5 

CD 

O   -H 

<L) 

43 

a  d  o 

0 

B   0 

p 

P 

<h 

C 

W    T3 

c 

•rH 

g    fn    d) 

a)  a) 

•H    0) 

•     W 

•   w 

0) 

CD 

<h 

•H      £h 

03  a 

o 

•H    0)    W 

S  w 

P    W 

£  e 

O    g 

c 

a 

•H 

CD 

CD    o3 

•H 

CH 

P    -P    -H 

•H  -H 

•H 

is;   a; 

C    0) 

T3 

^   ft 

£h 

-p 

o 

•H   p 

p  P 

H  P 

H 

H 

0 

H 

O     • 

o 

c 

C 

a3    C 

•  ,£> 

•  X> 

bO 

cd 

P 

•   P 

C    bO 

• 

0)    Jh    0> 

0)    <D 

P  a) 

0)    0 

CD    O 

•H 

C 

W 

cd   w 

•H   -H 

H 

o 

>     0>     CJ 

>  0 

0  0 

>   u 

>:  ^ 

u 

«H 

O 

£  ° 

!h 

fe 

a 

<   ft— ' 

<v_ 

H--- 

<    ft 

<  ft 

0 

(in 

O 

.  <  0 

^   O 

1 

2 

l4.0 

103.0 

144 

1.0 

0.0 

821 

1023 

202 

24.6 

24.6 

2 

2 

10.0 

113.0 

146 

1.0 

0.0 

612 

814 

202 

33.0 

33.0 

3 

2 

20.0 

169.0 

225 

2.0 

0.0 

920 

1324 

4o4 

43.9 

43.9 

1+ 

1+ 

38.7 

152.3 

572 

3-0 

2.7 

1131 

1532 

4oi 

54.8 

35.4 

5 

2 

12.0 

82.0 

123 

1.0 

0.0 

820 

1022 

202 

24.6 

24.6 

6 

2 

9-0 

121.0 

139 

0.0 

0.0 

713 

713 

0 

0.0 

0.0 

7 

2 

7.0 

112.0 

128 

0.0 

0.0 

714 

714 

0 

0.0 

0.0 

8 

3 

24.5 

125.5 

299 

1.5 

1.0 

925 

1020 

95 

43.6 

10.3 

9 

2 

15.0 

120.0 

160 

1.0 

2.0 

822 

1023 

201 

24.4 

24.4 

10 

2 

l4.0 

88.0 

136 

1.0 

0.0 

720 

922 

202 

28.0 

28.0 

n 

2 

24.0 

89.O 

153 

2.0 

1.0 

721 

1123 

402 

55.8 

55.8 

12 

2 

29.0 

154.0 

235 

1.0 

3.0 

924 

1529 

605 

65.5 

65.5 

13 

2 

22.0 

129.0 

193 

1.0 

1.0 

822 

1226 

4o4 

49d 

49.1 

14 

3 

30.5 

121.5 

327 

2.5 

1.5 

1028 

1429 

4oi 

59.0 

39.0 

15 

2 

9.0 

66.0 

80 

0.0 

0.0 

614 

614 

0 

0.0 

0.0 

16 

2 

9.0 

131.0 

150 

0.0 

0.0 

714 

714 

0 

0.0 

0.0 

17 

2 

18.0 

i4o.o 

191 

3.0 

0.0 

822 

1225 

403 

49.0 

49.0 

18 

2 

15.0 

95.0 

133 

2.0 

0.0 

718 

919 

201 

28.0 

28.0 

19 

2 

22.0 

156.0 

220 

1.0 

2.0 

923 

1326 

403 

43.7 

43.7 

20 

2 

15.0 

44.0 

73 

1.0 

0.0 

510 

712 

203 

39-8 

39.8 

21 

3 

20.0 

68.5 

179 

1.0 

0.5 

720 

1022 

302 

40.4 

41.9 

22 

2 

9.0 

71.0 

88 

0.0 

'    0.0 

617 

617 

0 

0.0 

0.0 

23 

3 

36.5 

105.0 

282 

4.0 

1.5 

927 

1528 

601 

76.2 

64.8 

21+ 

2 

9.0 

74.0 

98 

0.0 

0.0 

717 

717 

0 

0.0 

OoO 

25 

2 

25.0 

137.0 

219 

1.0 

3.0 

927 

1432 

505 

5^.5 

54.5 

26 

4 

38.0 

165.7 

616 

3.0 

1.7 

1231 

1631 

4oo 

80.8 

32.5 

27 

2 

12.0 

94.0 

135 

1.0 

0.0 

820 

1022 

202 

24.6 

24.6 

28 

2 

14.0 

116.0 

151 

1.0 

0.0 

714 

916 

202 

28.3 

28.3 

29 

2 

9.0 

68.0 

84 

0.0 

0.0 

614 

614 

0 

0.0 

0.0 

30 

2 

5-0 

77.0 

96 

0.0 

0.0 

614 

614 

0 

0.0 

0.0 

Lve. 

2.3 

17.8 

109.6 

192.51.2 

0.7 

32.4 

28.0 

70 


Table  2  Statistics  for  the  test  functions  in  Group  I  for  the 
case  when  FI=F0=F00=F0X=3. 
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Table  3  Statistics   for  the  test  functions   in  Group  I  for  the 
case  when  Fl=10  and  F0=F00=F0X=2. 
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Table  1+  Statistics   for  the  test  functions   in  Group  I  for  the 
case  when  FI=2  and  F0=F00=F0X=10. 
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Table  5  Statistics  for  the  test  functions  in  Group  I  for  the 
case  when  FI=10  and  F0=F00=F0X=3. 
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Table  6  Statistics  for  the  test   functions  in  Group  I  for  the 
case  when  FI=3  and  F0=F00=F0X=10 . 
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Table  7  Statistics  for  the  test  functions  in  Group  II  for  the 
case  when  FI=F0=F00=F0X=3. 
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Table  8  Statistics  for  the  test   functions   in  Group  II  for  the 
case  when  FI=F0=F00=F0X=4. 
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Table   9  Statistics   for  the  test  functions   in  Group  II  for  the 
case  when  FI=10  and  F0=F00=F0X=3 . 
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Table  10  Statistics  for  the  test  functions  in  Group  II  for  the 
case  when  FI=3  and  F0=F00=F0X=10 . 
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